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IMPACTS OF SEA-LEVEL RISE AND THIN-LAYER DEPOSITION ON SALT MARSH 
ELEVATION DYNAMICS IN NEW HAMPSHIRE  
by  
Andrew R. Payne 
University of New Hampshire, December, 2018 
 
The survival of salt marshes depends largely on their ability to build in elevation, thereby 
preventing increases in flooding due to sea-level rise, but the rate of marsh elevation gain 
depends on processes that are not well-understood, i.e. belowground productivity, sedimentation, 
and subsidence. The application of sediment to the marsh surface (thin-layer deposition) is a 
potential mitigation tool for increased flooding, but its effects on plant growth and elevation gain 
are understudied, especially in New England marshes. A marsh organ experiment was 
constructed and installed in the field to examine the effects of tidal flooding and thin-layer 
deposition on productivity. Feldspar Marker Horizons (MHs) were placed in the marsh to 
determine the effect of flooding on sedimentation rates and Surface Elevation Tables (SETs) 
were measured to determine local elevation change. Without sediment addition, we found that 
belowground productivity decreased linearly as flooding increased for both Spartina patens and 
Spartina alterniflora. Belowground volume of S. alterniflora at the top elevation was around 4 
times the amount of the lowest, most-flooded elevation. Planted treatments subsided significantly 
less than unplanted controls, indicating the importance of plants in reducing marsh subsidence. 
MHs showed that sedimentation decreased as elevation and distance from the creek increased, 
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and SET measurements indicated high marshes in the Great Bay of New Hampshire are losing 
elevation relative to sea level at an average rate of 2.1 mm/year. This high marsh accretion 
deficit, combined with low sedimentation rates and a predicted decrease in productivity due to 
sea-level rise suggest that S. patens and other high marsh species will be replaced by S. 
alterniflora as flooding increases. Thin-layer deposition may help to slow this conversion, but 
our results show no significant effect of sediment addition on NPP in either S. patens or S. 
alterniflora over a 2 month period. More studies are needed to determine the long-term effects of 



















THE EFFECTS OF SEA-LEVEL RISE ON PRODUCTIVITY AND ELEVATION 
DYNAMICS IN NEW HAMPSHIRE SALT MARSHES 
 
Introduction 
Salt marshes are valued for their ability to sequester carbon, attenuate coastal flooding, 
improve water quality, and provide habitat for fish and wildlife (Barbier et al. 2011; Costanza et 
al. 1997), but the survival of many marshes and their ecosystem services are threatened by 
climate change. Stronger storms may cause more erosion along the marsh edge (Priestas and 
Fagherazzi 2011), and sea-level rise (SLR) can increase marsh flooding to the point where plants 
can no longer survive. Adding to these stresses, higher temperatures stimulate decomposition of 
marsh peat, potentially causing elevation loss and increased flooding (Kirwan and Blum 2011). 
Past salt marsh loss from direct human impacts is estimated at 37% in New England (Bromberg 
and Bertness 2005). Potential indirect impacts from burning fossil fuels could cause SLR of 1-2 
meters by 2100 (Vermeer and Rahmstorf 2009) and may result in near total loss (Kirwan et al. 
2010). Marshes are considered poised systems that expand and contract both vertically and 
horizontally and exist in a landscape with other coastal habitats that may have multiple stable 
states. Altering the balance of processes can cause marshes to shift from one stable state to 
another, potentially leading to marsh loss (Morris 2006). Historically, marshes have persisted 
and expanded by migrating inland and building vertically at a rate greater than or equal to that of 
SLR. Because the rate of SLR has been increased by climate change (Nicholls and Cazenave 
2010), many marshes are no longer keeping pace (Cahoon 2015; Raposa et al. 2016). To predict 
2 
 
impacts of SLR on salt marshes, we must understand how increased flooding will affect the 
complex processes controlling marsh elevation change.  
New England marshes are characterized by thick accumulations of peat around 4000 
years old (Kelley et al. 1995). The low marsh is dominated by Spartina alterniflora and the high 
marsh by Spartina patens, along with less abundant graminoids such as Distichlis spicata and 
Juncus gerardii. The large tide range enables northern New England marshes to occupy a wide 
range of elevations, and may aid in marsh resiliency to SLR by creating “elevation capital” 
(Cahoon and Guntenspergen 2010). Despite this potential advantage, northern New England 
marshes are still in danger of losing the more-diverse high marsh habitat because it occupies a 
smaller range of elevations. Additionally, resilience to SLR in New England marshes may be 
hindered by relatively low sediment availability (Chapman 1960; Weston 2014) and lower 
biomass production than southern marshes (Seliskar et al. 2002) that could limit elevation gain.  
The rate of elevation gain is determined by the balance between processes that build 
elevation (accretion of sediment and organic matter), and those that decrease it (erosion and 
subsidence). Though it may vary depending on the marsh, the primary driver of elevation gain is 
thought to be accumulation of organic matter (Boyd and Sommerfield 2016; Nyman et al. 2006). 
The primary source of organic matter is marsh plant productivity (Wang et al. 2003), which 
varies as a function of elevation, i.e. flooding (Morris et al. 2002; Watson et al. 2014; Wigand et 
al. 2016). Productivity may also depend on factors such as nutrient availability (Deegan et al. 
2010), groundwater depth, marsh slope, and dominant plant species (Kirwan et al. 2012). 
Spartina alterniflora appears to grow best at elevations with an optimal amount of flooding, 
suggesting that marshes situated above this elevation will produce more biomass as sea level 
rises (Morris et al. 2002, 2013), but this relationship may be site-specific (Kirwan et al. 2012) 
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and has not been reported in New Hampshire marshes.  Previous research in Maryland has 
shown a different trend for S. patens, where production appears to increase linearly as elevation 
increases (Kirwan and Guntenspergen 2015). Aboveground biomass was shown to affect 
elevation gain by trapping suspended sediment (Morris et al. 2002), but the effects of subsurface 
processes on elevation gain are less clear. Using in-growth root bags, studies have reported a 
positive correlation between belowground biomass and elevation gain (Cherry et al. 2009; 
Langley et al. 2009), but this relationship has never been shown under a range of flooding 
conditions in the field examining both S. patens and S. alterniflora.  
 Marsh loss predictions are complicated by another important feedback on SLR: sediment 
deposition on the marsh surface. Rates of sedimentation increase as flooding increases (Cahoon 
and Reed 1995), historically enabling marshes to build in elevation at a rate equal to SLR 
(Redfield 1972). However, deposition is highly dependent on sediment supply which may have 
been reduced in marshes through the construction of dams (Weston 2014), dredging, 
reforestation, and tidal restrictions. Deposition may also be limited in interior areas of the marsh 
that are farther from a sediment source (Christiansen et al. 2000; Chmura and Hung 2004). In 
sediment deficient areas, rates of sedimentation may be too low to maintain marsh elevation 
relative to sea level, potentially resulting in conversion of high marsh to low marsh (Donnelly 
and Bertness 2001; Warren and Neiring 1993) or low marsh to mudflat (Priestas and Fagherazzi 
2011). 
  In order for marshes to gain elevation, accumulation of organic matter and sediment 
must outpace loss of elevation due to subsidence and erosion. Shallow subsidence can be caused 
by two processes: autocompaction of the soil due to the increase in weight as soil accumulates 
(Kaye and Barghoorn 1964), and loss of organic matter through decomposition. The factors 
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controlling subsidence are not well-understood, making it difficult to predict the impact of 
climate change on this process. Increased flooding was shown in a lab experiment to decrease 
rates of decomposition (Simon et al. 2017), but field studies have generally shown no effect of 
flooding on decomposition (Blum 1993; Kirwan et al. 2013; Valiela et al. 1985).  
 The interactive effects of SLR, plant growth, sedimentation, and subsidence determine 
the rate of elevation gain which is commonly measured by Surface Elevation Tables (SETs). 
Combining SETs with Marker Horizons (MHs) allows for a comparison of the net effects of both 
above and belowground processes. SET measurements indicate the rate of elevation gain is less 
than 1/3 the rate of relative sea level rise (RSLR) in Rhode Island marshes (Raposa et al. 2016). 
Although RSLR is lower in New Hampshire due to post-glacial rebound, transition of high 
marsh to low marsh at some locations suggests elevation change is not keeping pace (Burdick 
Unpub. Data). However, marsh elevation change and accretion have not been reported in New 
Hampshire until this study.   
 To better understand the effects of sea level rise on salt marsh elevation dynamics, we 
examine three main hypotheses: H1) The relationship between elevation and belowground 
production is parabolic for S. alterniflora and linear for S. patens, H2) belowground production 
increases marsh surface elevation, and H3) elevation gain in NH marshes is not keeping pace 
with RSLR. We tested these hypotheses using a “marsh organ” experiment (Morris et al. 2007) 
and SET-MH measurements. The marsh organ allowed us to isolate the effects of 
elevation/flooding on productivity and elevation change while the SET-MH measurements 
provided elevation change and accretion data from the natural marsh that could be compared 






 The marsh organ 
experiment was located in Great 
Bay Farms (GBF), a riverine 
marsh roughly 2.7 ha in area in the 
southeast corner of the Great Bay 
Estuary, New Hampshire (Fig. 1). 
We chose this marsh because it is 
low-energy, relatively secluded, 
and contains SET-MH stations 
that allowed us to pair marsh 
organ data with elevation data 
from the marsh platform. The 
marsh spans an elevation range of 
about 1.2 m, with S. alterniflora 
dominating the low marsh, and S. 
patens and D. spicata, dominating the high marsh along with less abundant species such as J. 
gerardii, Solidago sempirvirens, and Triglochin maritimum. MH transects were located at GBF 
and Crommett Creek (CRC), a submerging riverine marsh on the western side of the Great Bay. 
Great Bay SET-MH stations were located at GBF and Sandy Point, both part of the Great Bay 
National Estuarine Research Reserve (GBNERR).  
 
Fig. 1 Map of the study sites. Great Bay Farms (GBF) - marsh 
organ experiment, MH transects, and 3 SET-MH stations; Sandy 




Marsh Organ Experiment 
Two marsh organs were constructed to determine the effect of flooding on plant 
production and surface elevation change. A third organ was built as part of a separate study, but 
it held controls that were used in this experiment. Marsh organs were based on a design by 
Morris et al. (2007), and consisted of a wooden staircase structure that held pots at different 
elevations (Fig. 2). The structures were oriented to maximize southern exposure while taking 
into account the shape of the creek. Pots were made of 10 cm diameter PVC pipe cut to lengths 
of 40 cm and capped on the bottom. Five holes were drilled in each cap and two holes were 
drilled in the sides of the pots 20 cm down to allow for both vertical and horizontal drainage. The 
holes were covered with landscape fabric to prevent pots from losing soil. An additional 3 holes 
were drilled at 1,2, and 3 cm from the top to allow water to drain from the soil surface.  





 Pots were filled with a mixture by volume of 45% sand, 40% peat moss, and 15% mud 
collected from a nearby mudflat. We determined this ratio by experimenting with different 
amounts of materials until we found a mixture that allowed water to drain from the surface over 
a 6 hour period. We chose peat moss for a source of organic matter because it could be relatively 
easily washed from roots for biomass analysis, and we believed the rate of decomposition would 
be slow and similar to that of marsh peat. Pots were placed in a tank that was flooded and 
drained daily with salt water for 5-7 days to allow the soil to compact before planting. Bare-root 
culms of S. alterniflora were collected from pool edges in Crommett Creek marsh and S. patens 
plants were collected near the upland edge. At the lab, roots were submerged repeatedly in salt 
water to remove soil, and pots were planted with bare-root culms of either S. patens or S. 
alterniflora. Other pots were left unvegetated to serve as controls. We kept aboveground biomass 
similar in each pot by planting 4-5 culms/pot for S. alterniflora and 8-9 culms/pot for S. patens. 
The average initial plant height (measured to the tip of the tallest leaf) was 23 cm for S. 
alterniflora and 17 cm for S. patens. Marsh organs were deployed in a tidal creek at GBF marsh 
in late May, 2017. To ensure marsh organs were deployed at the correct elevations, they were 
related to a benchmark determined by Real-Time Kinematic (RTK) positioning system. Pots 
were transported to the marsh 1-2 days after planting and placed randomly on the designated 
marsh organ structure. Two weeks after deployment, each pot was evaluated, and any dead 






Marsh Organ Soil Height Measurements  
 To isolate subsurface elevation change from sedimentation, we created Marker Horizons 
by pinning two circles (diameter≈3cm) of landscape fabric to the soil surface of each pot. We 
measured the change in height of MHs and the overall surface elevation change using a mini-
SET that consists of a flat strip of metal that holds 5 pins (modified from Cherry et al. 2009; Fig. 
3). To measure Soil Height Change, 
the mini-SET was placed on the rim of 
the pot and pins were lowered to the 
soil surface. The length of each pin 
was measured to determine the 
distance between the soil surface and 
the rim of the pot. The mini-SET was 
then rotated 90° and the procedure was 
repeated for a total of 10 
measurements/pot. Notches were cut 
into the rim of each pot marking the 
placement of the mini-SET to ensure 
consistency between measurements. 
To measure Marker Horizon Change, 
the two outer pins on the mini-SET were replaced with knitting needles that allowed us to 
penetrate the deposited sediment and measure the height of buried MHs relative to the rim of the 
pot. Marsh organ mini-SET and MH measurements were taken in early June and mid-September 
of 2017. To accommodate unexpectedly high sediment deposition that mounded above the rim of 





low-elevation pots, we extended the pot height when taking measurements using a PVC collar 
that fit firmly on the top of the pot. 
In this study, sediment that accumulated above the MHs is termed sedimentation or 
surface accretion. We use the term Marker Horizon Change to describe the change in soil height 
from belowground processes, i.e. excluding sediment deposition. We use the term Soil Height 
Change to refer to surface elevation change in marsh organ pots measured using the mini-SET. 
Hence, Soil Height Change reflects both accretion of new sediment and soil compaction or 
expansion due to belowground processes.  
Plant Production and CO2 Emission 
 In mid-September, plant height was recorded as the distance between the soil surface and 
the tip of the longest leaf when held vertically. Plants were clipped and oven-dried for at least 2 
days at 70˚C before biomass was recorded in g dry weight. After transporting pots to the lab, the 
shoot bases were filled with silicone to limit gas exchange through the shoots (Wigand et al. 
2016), and CO2 emission was measured using a portable greenhouse gas analyzer (Los Gatos 
Research). Pots were then stored at 5˚C until belowground production could be assessed. After 
removing soil and dead roots, we measured belowground plant volume using a gravimetric water 
displacement technique (Harrington et al. 1994; Ford et al. 1999). Belowground biomass was 
measured after drying for a minimum of 2 days at 70˚C. We chose to focus on volume as 
opposed to mass for belowground analyses because we believe it is a more relevant determinant 





Marsh Surface Elevation Change in New Hampshire 
 To determine whether Great Bay marshes are keeping pace with sea level rise, SETs and 
MHs were installed at GBF (3 SETs in 2011) and Sandy Point (3 SETs in 1994 and 1 in 2013). 
All SET-MH stations were placed in high marsh areas 10 meters from tidal creeks or marsh 
edges. SETs consist of a pipe or rod that is driven into the marsh as deep as possible, ideally 
hitting bedrock. The top of this rod is fitted with a horizontal attachment that holds a series of 
pins (Cahoon 2015). The pins were gently lowered to the marsh surface and the length of the 
pins relative to the benchmark rod was measured to track elevation changes. MHs were installed 
at each SET station by placing feldspar on two 0.25m2 plots. The thickness of sediment that 
accreted above the feldspar was measured yearly (although some years were missed). MHs show 
only surface accretion whereas SETs also incorporate the effects of belowground processes such 
as root growth and shallow subsidence.  
 To compare the rate of marsh elevation change to SLR, water level data were obtained 
from NOAA at https://tidesandcurrents.noaa.gov/. The rate of SLR was determined using simple 
linear regression of MHW since 1993. The regression was started in 1993 because it marks the 
beginning of the current higher rate of SLR (Nicholls and Cazenave 2010). We determined the 
SLR rate using MHW because our SET elevations are closest to MHW. We averaged rates of 
SLR from Portland, ME and Boston, MA because these tide gauges are roughly equidistant from 
our SETs.   
After deploying the marsh organs, we noticed a large amount of sedimentation in the pots 
that prompted us to set up a field study to measure sedimentation on the marsh. Sediment filled 
the lowest pots within the first two weeks of the experiment and continued to accrete, resulting in 
a mound that extended 1-2 cm above the top of the pot. Although sedimentation was measured in 
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the marsh organs, the rate may have been 
exaggerated by the sediment-trapping 
effect of the pots so we added three 
transects of feldspar MHs surrounding the 
marsh organs in August 2017 to more 
accurately determine the relationship 
between elevation and sedimentation rate. 
Marker horizons were placed at elevations 
spanning those of the marsh organs at 15 
cm increments (Fig. 4). We followed a 
similar procedure for Crommett Creek 
marsh (CRC), a submerging marsh on the 
western side of the Great Bay. This 
allowed us to compare accretion in two 
marshes with suspected differences in 
sediment supply that were less than 6 km apart in the same estuary. Measurements of accretion 
above the feldspar layer were taken in December 2017 and May 2018. Three plots at GBF and 
two plots at CRC were not relocated in May, perhaps due to erosion or winter ice scour. Annual 
sedimentation rates were determined by dividing the sediment thickness above the feldspar by 
the amount of time since the marker horizon was created. Water samples were collected near MH 
transects at both sites to measure Total Suspended Solids (TSS). Samples were collected roughly 
half a meter below the surface at both flood and ebb tides. We filtered the samples using 1.5 µm 
Pro-Weigh glass fiber filters, and then dried the filters for at least one day at 70℃ before 
Fig. 4 Diagram of Marker Horizon transects shown for 
GBF. We used a similar set up for CRC except the top 
elevation (1.12 m) was omitted because it was located 
in the upland area 
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weighing them. The mass of the sediment was divided by the volume of water filtered to 
determine TSS.  
Data Analysis 
 Relationships between elevation and plant responses, sedimentation rate, and CO2 
emission were analyzed using simple linear regression. Data were log transformed or squared to 
meet assumptions of parametric tests. When transformations of the marsh organ MH data did not 
achieve normality of residuals, we used Wilcoxon Signed Rank to test the difference between 
planted and unplanted treatments. ANOVA was used to test the difference in TSS between GBF 




Aboveground Responses to Flooding 
Plant height decreased linearly with elevation  for S. patens (r2=.305, p<.05), but formed 
a parabolic relationship for S. alterniflora, with the tallest plants occuring at middle elevations 
(r2=.400, p<.05; Fig. 5). Surprisingly, the decrease in plant height at higher elevations did not 
result in lower aboveground biomass. In fact, biomass increased with elevation for both S. 
alterniflora (r2=.398, p<.01)  and S. patens (r2=.264, p<.05). There was also a significant positive 
linear relationship between elevation and number of stems for S. alterniflora (r2=.602, p<.0001), 





Fig. 5 The relationship between elevation and aboveground characteristics for S. alterniflora on the left and 
S. patens on the right. Vertical dashed line shows mean high water 
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Belowground Responses to Flooding 
 Not surprisingly, there was a strong relationship between belowground biomass and 
volume for both species (S. alterniflora r2=.963, p<.0001; S. patens r2=.954, p<.0001), although 
the slope was slightly steeper for S. alterniflora (Fig. 6). Elevation had a stronger effect on roots 
and rhizomes than it had on aboveground growth; belowground volume increased as elevation 
increased for both S. alterniflora (r2=.788, p<.0001) and S. patens (r2=.818, p<.0001; Fig. 6). The 
relationship was linear for both species with the most growth occuring at upper elevations. S. 
alterniflora, which has considerably larger diameter roots and rhizomes, showed  four-fold 
























Fig. 6 Belowground biomass 
and belowground volume for S. 
alterniflora (r2=.957, p<.0001) 





Marsh Organ Elevation Change 
 Overall, MHs showed 
subsidence or compaction of the 
soil at all elevations and pot 
types. Planted S. alterniflora pots 
subsided significantly less than 
unplanted controls for each 
elevation (p<.05; Fig. 8). The 
same was true for S. patens 
elevations that overlapped with 
controls (p<.05; Fig. 8). Despite 
the effect of plants in reducing 
Fig. 8 Change in marker horizon height for each elevation. Black bars 
show expected change based on belowground volume input. Shaded 
bars show controls and grey bars show actual change. Error bars 
represent standard error 
Fig. 7 Belowground 
volume as a function of 
elevation for S. alterniflora 
(r2=.788, p<.0001) and S. 
patens (r2=.817, p<.0001). 
Different letters denote 
significant differences  













subsidence, there was no 
relationship between 
belowground volume and MH 
change for either species (Figs. 7 
and 8). Separating shoots from 
roots still did not result in a 
significant effect on MH change. 
Marker Horizon change was 
negative for all elevations with an 
average of -3.03±.837(SE) mm 
for S. alterniflora and -2.15±.331 
mm for S. patens. There was no 
significant trend between 
elevation and subsidence for 
controls, but the lowest S. 
alterniflora elevation subsided 
more than the other 4 elevations 
(Fig. 8). Accretion of sediment 
on the soil surface greatly 
outweighed subsidence for lower 
elevations, resulting in an overall 
positive elevation change (Fig. 
10). Elevation change was 
Fig. 9 Change in marker horizon height for each elevation for S. 
patens and controls. Light grey bars represent expected change for S. 
patens based on added volume. Gray striped bars show actual change. 
Lightly shaded bars depict controls for elevations that overlapped 
with S. patens.  Error bars represent standard error  
 
Fig. 10 Elevation and total surface elevation change as measured by 
mini-SET for S. alterniflora, S. patens, and control pots  
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negative for the top two S. patens elevations (1.22 m and 1.32 m), and the top S. alterniflora 
elevation (1.32 m). However, accretion in marsh organ pots likely differs from that of the natural 
marsh; more accurate rates should be provided by feldspar MH transects.  
CO2 Emission  
 The relationship between 
elevation and respiration differed 
between S. alterniflora and 
unplanted controls. The rate of 
CO2 emission was significantly 
higher overall for S. alterniflora 
than for controls (p<.0001; Fig. 
11). There was a significant 
effect of elevation on CO2 
emission for S. alterniflora pots 
(r2=.784, p<.0001), but not for 
controls (p=.100). CO2 emission 
increased in S. alterniflora pots 
with elevation, with the largest 
increase between the lowest two 
elevations. The relationship was 
even stronger between 
belowground biomass and CO2 
emission (r2=.797, p<.0001; Fig. 
Fig. 12 Belowground biomass and CO2 emission for S. alterniflora 
(r2=.797, p<.0001) 
Fig. 11 Relationship between elevation and CO2 emission for controls 




12). Spartina patens showed no trends in CO2 emission (not shown) relative to elevation or 
biomass but these data may be unreliable due to periodic CO2 spikes. 
 Marsh Surface Feldspar Plots  
Surface accretion in the natural marsh followed a similar pattern to the marsh organs, 
with the highest rates at lower elevations along the creek edge (Fig. 13). Accretion decreased as 
elevation and distance from the creek increased for both sites. The first measurement in 
Fig. 13 Sedimentation rate as a function of elevation 
for A) Great Bay Farms and B) Crommett Creek 
with overall trends shown by exponential curves. 
Grey squares show measurements from May 2018 
and black squares show Dec 2017. C) 
Sedimentation rate as a function of percent of time 
flooded for GBF (r2=.708, p<.001) and CRC ( 
r2=.600, p<.01) measured in May 2018. All 
sedimentation rates were extrapolated to show 








December 2017 showed no difference in accretion between GBF and CRC, despite significantly 
higher TSS at GBF (57.5 ± 6.9 mg/L vs. 25.5 ± 4.4 mg/L at CRC), but the second measurement 
in May 2018 showed significantly higher rates of sedimentation at GBF relative to % flooding 
(p<.001, Fig. 13). Although they were measured at different times, accretion on the natural 
marsh was about half that found in the marsh organs.  
Surface Elevation Tables  
 Marsh elevation change as measured by SET was lower than the rate of SLR at both 
marshes. Marsh elevation increased at an average rate of 2.05 mm/yr for all SET sites (Table 1) 
whereas mean high water increased at an average rate of 4.17 mm/yr since 1993. Accretion was 
significantly higher than elevation gain for both marshes, indicating these marshes are subsiding. 












Great Bay Farms 3 1.15±.03 1.93 ±0.19 2.96 ±.18 1.03 
Sandy Point 5 ND 2.16 ±0.64 3.11 ±.87 0.95 





Table 1 Rates of surface elevation change and accretion with standard error. Subsidence rates were calculated 
by subtracting elevation change rate from accretion rate. Asterisks indicate significant difference from zero  
*     p<.05 






Effects of Flooding on Productivity 
Overall, flooding negatively affected aboveground growth characteristics in our 
experiment. The only exception was that S. alterniflora produced taller plants at middle 
elevations. Although the response of plant height suggests an optimal amount of flooding for S. 
alterniflora at middle elevations, aboveground biomass showed a different pattern. Shorter plants 
at upper elevations produced a greater number of shoots, resulting in a linear relationship 
between elevation and aboveground biomass for both S. patens and S. alterniflora. In a marsh 
organ experiment in Massachusetts, Wigand et al. (2016) showed a similar parabolic relationship 
between flooding and S. alterniflora height, where plants were tallest at middle elevations. 
Unlike our study, they found that aboveground biomass was also highest at middle elevations 
(see Table 2 for a summary of findings from marsh organ studies). Also contrasting with our 
results, Morris et al. (2002) showed that aboveground S. alterniflora production decreased with 
elevation in South Carolina marshes, but they suspected marshes situated at lower elevations 
would show the opposite trend. Kirwan et al. (2012) found the relationship between flooding and 
S. alterniflora production is sometimes parabolic, but the shape of the relationship depends upon 
on variables such as slope of the marsh, precipitation, and depth to groundwater. Marsh organ 
studies on S. patens align with our results more closely, showing that aboveground production 
increases linearly with elevation (Kirwan and Guntenspergen, 2015). However, Watson et al. 
(2016) documented decreases in aboveground biomass at high elevations (25cm above MHW) in 
a laboratory experiment. At GBF, the upland edge began at 21 cm above MHW (1.38 m 






In our study, taller S. alterniflora stems began to bend over and break in late August, 
since plants stood alone in pots and lacked support from surrounding plants. Stems in danger of 
breaking were harvested early, but some may have been lost, resulting in underestimation of 
aboveground biomass, especially at middle elevations where plants were tallest. In addition, 
aboveground S. alterniflora responses may have been affected by light availability. The top 
elevation may have received more sunlight than the other elevations because it was not shaded 
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Langley et al. 
2013 
SP Edgewater, MD 
MHW not stated 
 
3% to 95% 
Positive Linear 
Positive Linear 
(mixed with S. 
americanus) 
Payne 
 (this study) 
SP Great Bay, NH 
-26cm to +14cm 
 
2% to 22% 
Positive Linear Positive Linear 





-15cm to +25cm 
 







SP Blackwater, MD 
MHW not stated 
 
0% to 100% 
Positive Linear Positive Linear 
Morris et al. 
2013 
SA North Inlet, NC 
-102cm to +40cm 
 









-60cm to +60cm 
 
%Flooding not stated 
Negative Linear Not Measured 
Payne 
(this study) 
SA Great Bay, NH 
-106cm to +14cm 
 
2% to 58% 
Positive Linear Positive Linear 
Voss et al. 2013 SA 
Pine Knoll 
Shores, NC 
MHW not stated 
 









Not Stated Not Measured Positive Linear 





-49cm to +18cm 
 





Table 2 The relationship between elevation and above & belowground biomass found in other studies for S. 
patens (SP) and S. alterniflora (SA) 
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limited the effects of shading to a large extent. Shading is more likely to have affected S. 
alterniflora than S. patens because the S. alterniflora organ spanned a much larger range of 
elevations. That being said, tall S. alterniflora which naturally grows along steep creek banks is 
similarly shaded.   
 Belowground production also increased linearly with elevation for both species, with the 
most growth at the top elevation. This linear relationship was shown in similar marsh organ 
studies on S. patens (Kirwan and Guntenspergen 2015; Watson et al. 2016), but has not been 
previously shown in S. alterniflora. Voss et al. (2013) reported similar results and showed an 
overall increase in S. alterniflora belowground production with elevation, but unlike our study, 
productivity decreased at the top elevation. In a transplant experiment on a natural marsh in 
Oregon, Janousek and Mayo (2013) also found less belowground growth and higher shoot:root 
ratios at lower elevations for Juncus balticus, Deschampsia cespitosa, Achillea molmillefolium, 
and Triglochin maritima. Also in a natural marsh, Blum (1993) found a negative effect of 
flooding on S. alterniflora production, with higher root growth in the more-oxidized interior 
marsh than creekside. Differing from our pattern of production with elevation, Wigand et al. 
(2016) showed a positive asymptotic relationship between elevation and belowground 
productivity for S. alterniflora, but the effect of elevation was not statistically significant.   
The shape of the relationship between elevation and productivity has strong implications 
for marsh resiliency to SLR. A parabolic curve indicates that production will increase with SLR 
in marshes situated above the optimal elevation for growth, leading to higher accretion rates 
(Morris et al. 2002). Conversely, production will decrease with SLR for marshes situated below 
the optimal elevation (Morris et al. 2013). Our results, however show a consistent inverse 
relationship between flooding and production, suggesting above and belowground productivity 
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will decrease with SLR in northern New England for all elevations of S. patens and S. 
alterniflora. Lower productivity could result in less accretion due to the smaller contribution of 
marsh plants to soil organic matter (Nyman et al. 2006), as well as less sedimentation due to 
reduced sediment trapping by leaves and stems (Gleason et al. 1979; Morris et al. 2002; Leonard 
and Croft 2006).  
Our results suggest the upper boundary of S. alterniflora currently found in our marshes 
is not limited by inadequate flooding because the least-flooded elevations had the highest 
productivity. Instead, the upper boundary is likely determined by competition with less flood-
tolerant plants, whereas lower boundaries are governed by flooding tolerance (Bertness 1991). 
Both S. alterniflora and S. patens have open spaces in the roots called aerenchyma that allow 
oxygen to diffuse into the roots. However, diffusion does not provide enough oxygen for aerobic 
respiration in highly inundated soils (Burdick and Mendelssohn 1987; Burdick and Mendelssohn 
1990; Mendelssohn et al. 1981). Therefore productivity may be limited at low elevations because 
plants must resort to the less-efficient anaerobic respiration (Mendelssohn et al. 1981). Microbes 
reduce sulfate for respiration in waterlogged soils, producing sulfides that can also limit plant 
growth by interfering with nutrient uptake (Koch et al. 1990).  The larger diameter roots of S. 
alterniflora likely provide for greater oxygen diffusion and may allow it to thrive at lower 
elevations than S. patens (Naidoo et al. 1992), which is limited to the high marsh. 
Marsh Organ Surface Elevation Change 
 There was no correlation between belowground production and surface elevation change, 
but the presence of plants resulted in less subsidence when compared to unvegetated controls. 
Based on the volume of roots that were added to the soil, the upmost elevation of S. alterniflora 
should have risen by about 1 cm. In reality, MH Height decreased for all elevations, meaning the 
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negative effects of decomposition and compaction outweighed the positive effect of soil 
displacement caused by belowground growth. Because subsidence was significantly less 
compared with unplanted controls, plants and their belowground growth do seem to play an 
important role in maintaining marsh elevation (as found by Nyman et al. 2006).  
 Given the reduction in subsidence due to plants, it is puzzling why there was no trend 
between belowground growth and the amount of subsidence. One possible explanation is that 
roots supply oxygen to the surrounding soil (Teal and Kanwisher 1966) that may stimulate 
decomposition in an otherwise anaerobic environment. Therefore, greater root surface area 
would likely mean more oxygen diffusion and faster rates of decomposition. This could cause 
subsidence that would partially outweigh the effect of the additional root volume in building 
marsh elevation. Root exudates have also been shown to increase respiration in the rhizosphere, 
and the amount of exudates increases with root biomass (reviewed in Bais et al. 2006). Our 
results do show a significant correlation between elevation and CO2 emission for S. alterniflora, 
but not for unvegetated controls, suggesting that belowground production but not flooding leads 
to increased respiration. This result supports the hypothesis that belowground growth stimulates 
decomposition but is confounded with elevation, since higher elevations have more belowground 
biomass and lower elevations are flooded more.    
 While rhizosphere processes may be partially to blame for the lack of trend between 
belowground volume and elevation change, a more important factor is probably soil porosity. 
Average porosity before plants were added was 68%, and roots only occupied 3% of the soil 
volume at the end of experiment. Therefore, small roots may have grown into existing pore 
spaces, rather than creating new ones and increasing soil volume (Day et al. 2011). Perhaps over 
a longer period of time, belowground volume would correlate with elevation change, once more 
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of the existing pore space is occupied by roots. Studies of peat cores support this argument and 
show a strong correlation between organic matter and accretion rate (Bricker-Urso 1989; Boyd 
and Sommerfield 2016; Callaway et al. 1997; Nyman et al. 1993; Nyman et al. 2006; Turner et 
al. 2002). The majority of organic matter is likely composed of belowground growth because 
most aboveground litter is lost through decomposition or export (White and Trapani 1982). Our 
argument is also supported by mesocosm studies that have shown marsh plants can increase 
elevation solely through root growth (Cherry et al. 2009; Langley et al. 2009).   
Sedimentation Field Study 
 Rapid sedimentation observed in the lower marsh organs prompted us to measure 
sedimentation on the marsh surface at similar elevations and include a second sampling site 
where marshes appeared to be drowning. Marker Horizon transects at both sites show a decrease 
in sedimentation rate as elevation and distance from the marsh creek increase. However, 
elevation and distance from the creek covary, making it impossible to isolate the effects of each 
variable in our study. Our results support other studies that showed that most suspended 
sediment is deposited close to creeks (Christiansen et al. 2000; Kastler and Wiberg 1996; Stumpf 
1983), and there is a strong correlation between % flooding and mineral accretion (Cahoon and 
Reed 1995). Our December 2017 measurement showed average sedimentation rates of 9 cm/yr at 
the lowest feldspar elevation – high enough to result in conversion to high marsh within about a 
decade if it were not offset by other processes. Since we have not observed conversion of low 
marsh to high marsh, other processes such as resuspension, erosion, and compaction may 
counteract the high rate of sedimentation at low elevations. Accretion rates also appear to be 
rapid at low elevations because fine-grained sediments swell and expand when saturated (Carey 
et al. 2015). Only one plot was recovered at the lowest elevation at GBF the following May, the 
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losses most likely due to erosion. Ice scour over the winter can remove large clumps of peat 
(Redfield 1972) and may also offset the high rates of sedimentation found in the low marsh. 
There were no differences in sedimentation between GBF and CRC in December, but rates were 
found to be significantly higher at GBF in May, suggesting sedimentation may vary seasonally. 
TSS was also higher at GBF, possibly due to resuspension and transport of sediment from the 
broad seaward mudflat on incoming tides.  
 There has been some disagreement over which driver of elevation gain is more important: 
sedimentation or plant growth. Sedimentation is probably a more important driver of elevation 
gain in the low marsh, based on our finding that plant growth is hindered at lower elevations but 
sedimentation rates are high. In contrast, plant growth may be more important in the high marsh 
where sedimentation rates are low. Using a numerical model, Kirwan et al. 2010 showed that salt 
marsh survival depends primarily on sediment availability. However, soil core studies have 
generally shown a strong correlation between organic matter accumulation and accretion rate 
(Boyd and Sommerfield 2016; Bricker-Urso 1989; Callaway et al. 1997; Chmura and Hung 
2004; Nyman et al. 1993; Nyman et al. 2006; Turner et al. 2002).  
SET-MH Measurements 
  Our SET data support the hypothesis that high marshes in the Great Bay of New 
Hampshire are not keeping pace with SLR. The accretion deficit we measured indicates marsh 
elevation relative to sea level has been decreasing by 2.12 mm/yr – about 5 cm loss in elevation 
capital over the past 25 years. Raposa et al. (2016) reported even lower rates of marsh building 
and combined with a higher rate of RSLR, showed why high marshes in Rhode Island are rapidly 
drowning (Watson et al. 2016). Although New Hampshire salt marshes may be less vulnerable to 
SLR than other marshes in New England, the loss of elevation capital is cause for concern. 
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Effects of the accretion deficit are already apparent at one of our Sandy Point stations where the 
dominant species has transitioned from S. patens to S. alterniflora over 18 years (Burdick 
Unpub. Data). Despite a high TSS concentration of 57 mg/L, GBF showed the greatest accretion 
deficit of 2.24 mm/yr which suggests S. alterniflora will likely encroach on the high marsh, as it 
has at the Sandy Point site.  
Accretion was greater than elevation change at both sites, indicating that shallow 
subsidence is an important factor controlling marsh elevation. All of our marsh organ pots also 
subsided, which shows that marsh organ soil behaved similarly to marsh peat. Our average marsh 
subsidence rate of 0.99 mm/yr is about 25 times lower than the highest subsidence rate reported 
by Cahoon et al. 1995 in southeastern marshes. Colder temperatures in New Hampshire may 
slow rates of decomposition and explain the difference in subsidence between our study and 
Cahoon et al. 1995, but other factors could include nutrient availability, peat thickness, and bulk 
density. Despite the lower rate of subsidence in the Great Bay, 1 mm/yr is enough to cause 
significant loss of elevation capital over time.  
Implications 
 These results have applications at both local and broader scales. At GBF, the deficit 
between marsh elevation change and SLR suggests that S. alterniflora will replace S. patens in 
lower elevations of the high marsh (as seen by Donnelly and Bertness 2001). High marsh species 
such as S. patens, D. spicata, and J. gerardii may be able to migrate inland in some areas of the 
marsh, but migration may be prevented or slowed by steep slopes and overhanging trees that 
shade the upland edge of the marsh. Low marsh may expand as it overtakes high marsh but 
avoids drowning at lower edges through rapid sedimentation. This may slow the loss of total 
marsh area at GBF, but predictions of marsh loss are difficult due to the wide range of SLR 
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scenarios (Nicholls and Cazenave 2010). Using a numerical model, Kirwan et al. (2010) found 
that marshes with a sediment supply similar to that of GBF (TSS of 57 mg/L) can survive SLR 
rates of up to 20 mm/yr. Based on this finding, combined with high elevation capital at GBF, the 
marsh may survive even the higher SLR scenarios but with a conversion of high to low marsh 
habitat.  
Our finding that a longer hydroperiod results in less productivity but greater 
sedimentation indicates that sediments will play a larger role in building marsh elevation as sea 
level rises. Marshes with high sediment supplies may be less vulnerable to SLR because 
increases in sedimentation may compensate for decreases in productivity, but these are likely to 
be low marshes dominated by Spartina alterniflora. High marsh areas further from the sediment 
source may face an accretion deficit even in marshes with abundant sediment, as shown by SET 
measurements at GBF, which occurred 10 meters inland from the low to high marsh transition. 
Our finding that planted pots subside less than unplanted controls suggests marshes will lose 
elevation at a higher rate when plants die from excessive flooding. Subsidence may be rapid after 
plant death because the absence of belowground production can result in sudden marsh collapse 
and conversion to mudflat or open water (DeLaune et al. 1994). Our results may also have 
implications for restoration projects by suggesting a lag time exists between planting and 
elevation change. Planting a restored marsh may reduce subsidence, but roots may have to first 
grow into existing pore space before belowground growth can result in positive elevation change.  
Predictions of marsh loss are further complicated when additional climate change impacts 
are considered. Our results show that more flooding from SLR is unlikely to increase rates of 
elevation change from enhanced plant growth, but it may cause higher rates of sedimentation. 
Higher temperatures and CO2 concentration may accelerate plant growth (Langley et al. 2009), 
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but increased plant contributions to elevation gain may be offset by faster rates of 
decomposition, perhaps even resulting in a net loss of organic matter (Chmura et al. 2003; 
Kirwan and Blum 2011; Crosby et al. 2017). Higher strength and frequency of storms may lead 
to more sedimentation on the marsh (Stumpf 1983; Schuerch et al. 2013) but may also increase 
erosion of the marsh edge (Priestas and Fagherazzi 2011). Erosion may also be stimulated by 
higher nitrogen inputs (Deegan et al. 2012) which speed up decomposition (Wigand et al. 2009). 
Although these confounding variables make it difficult to predict the impact of climate change, 
the cumulative effect appears to be negative in most marshes. Salt marsh elevation change is 
lower than the rate of SLR for an estimated 58% of marshes in the United States (Cahoon 2015), 
and SLR has caused extensive marsh loss in Louisiana (Blum and Roberts 2009) and conversion 
of high marsh to low marsh in Rhode Island and Massachusetts (Donnelly and Bertness 2001, 
Smith 2015). Further study is needed to better understand the feedbacks that determine marsh 
resilience to SLR in order to make management strategies more efficient and effective.  
In conclusion, we found that both S. alterniflora and S. patens produce less above and 
belowground biomass with greater flooding in a New England salt marsh. Our result indicates 
production is unlikely to act as a negative feedback on SLR. Increased flooding from SLR will 
most likely result in less production and less elevation gain unless biomass loss is offset by 
greater sedimentation. We found less subsidence in planted pots than unplanted controls, 
demonstrating the importance of roots and rhizomes in maintaining marsh elevation. Even 
though the volume of plant roots varied dramatically with elevation (20 to 80 mL for S. 
alterniflora and 8 to 22 mL for S. patens), we found no correlation between belowground 
production and elevation change of the original soil surface, perhaps due to the infilling of 
porosity by roots, oxidation of organic matter, and the short length (14 weeks) of the study.  
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According to SET measurements, New Hampshire high marshes are not keeping pace with SLR, 
even in a marsh with abundant sediment supply.  In New England salt marshes, less flood-
tolerant species may be replaced by S. alterniflora as SLR rates and flooding increases, 































 Salt marshes are highly productive ecosystems that provide habitat for fish, birds, 
mollusks, crustaceans, insects, and others. They occur in sheltered, tidal areas where wave 
energy is low enough to allow sediments to drop out of solution and accumulate. Originally 
thought to have little value, salt marshes are increasingly recognized for ecosystem services such 
as carbon storage, flood control, nutrient cycling, recreational use, and aesthetics (Barbier et al. 
2011; Costanza et al. 1997). Because of these services and high rates of marsh loss (Bromberg 
and Bertness 2005), resource managers are intent to preserve marshes that remain. Historically, 
marshes have been destroyed mainly by development, but many consider the bigger threat today 
to be sea level rise (Bromberg and Bertness 2005; Watson et al. 2016). 
 Sea level rise can destroy salt marshes by increasing flooding frequency and duration, 
effectively drowning marsh vegetation. Marsh plants are adapted for a range of flooding, but 
plants can die when this range is exceeded (Bertness 1991; DeLaune et al. 1994). After plant 
death, marshes rapidly lose elevation and collapse, resulting in conversion to mudflat or open 
water (DeLaune et al. 1994). Marshes can survive moderate increases in sea level by building in 
elevation at an equal rate to sea level rise. This equilibrium between marsh growth and sea level 
rise is possible because greater flooding results in greater potential for sediment deposition on 
the marsh surface, thereby allowing for more rapid elevation gain (Cahoon and Reed 1995). 
However, this feedback has been disrupted in many marshes due to decreasing sediment supply 
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and higher rates of sea level rise overtaking the more vulnerable marshes (Weston 2014; Cahoon, 
2015; Watson et al. 2017). Although sea level has been rising since the last ice age, the rate had 
been relatively stable over the past hundred years at 1 mm/yr until around 1993. Since then the 
rate of sea level rise has increased to 3.26 mm/yr at a global scale (Nicholls and Cazenave 2010). 
Locally, the rate of relative sea level rise may be higher or lower depending on the vertical 
movement of earth’s crust.  
 One method to compensate for the higher rate of sea level rise and lack of sediment 
supply is to artificially place sediment on the marsh. In this study we refer to this practice as 
thin-layer deposition (TLD), but is also commonly called thin-layer placement, marsh 
nourishment, or simply sediment addition. The type of sediment used can be sand, or more 
commonly, a slurry of dredged material (sands and silts) carried by water that is sprayed onto the 
marsh (Ford et al. 1999). Studies have shown that TLD can enhance plant growth by artificially 
building elevation, thereby reducing flooding stress (Croft et al. 2006; DeLaune et al. 1990; Ford 
et al. 1999; Pezeshki et al. 1992; Slocum et al. 2005; Stagg and Mendelssohn 2010; Tong et al. 
2013). TLD results in higher redox potential and lower harmful sulfide levels (Mendelssohn and 
Kuhn 2003; Schrift et al. 2008; Stagg and Mendelssohn 2010), and the application of dredged 
sediment supplies nutrients that can temporarily boost productivity (DeLaune et al. 1990; 
Mendelssohn and Kuhn 2003; Slocum et al. 2005).  
 Despite the well-documented benefits of TLD in Gulf of Mexico marshes, few 
publications exist on the effect of TLD in New England marshes. North of Cape Cod, New 
England marshes have a shorter growing season but a much larger tide range than Louisiana 
marshes (≈300 cm vs. ≈30 cm) which could cause plant and sediment processes to respond 
differently to TLD. Marshes in both regions tend to experience declining sediment supply 
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(Cahoon and Reed 1995; Chapman 1960), but marshes in Louisiana are disappearing at a faster 
rate because local sea level rise is more rapid (Penland and Ramsey 1990), and they occupy a 
much narrower range of elevations. New England marshes are also losing area due to sea level 
rise, but a more immediate concern is conversion of high marsh to low marsh (Smith 2015; 
Watson et al. 2016). This occurs when high marsh species such as Spartina patens are replaced 
by the more flood-tolerant species Spartina alterniflora (Donnelly and Bertness 2001; Warren 
and Neiring 1993). Although this change in distribution does not necessarily result in a loss of 
marsh area, it does result in a loss of diversity and ecosystem services because S. alterniflora 
often forms a monoculture. Additionally, high marsh habitat loss will reduce habitat for endemic 
species and impact salt marsh sparrow nesting success (Gjerdrum et al. 2005). TLD may be a 
method of preventing high marsh loss, but its effects on S. patens and other high marsh plants 
and animals are not well-studied. Studies that have been done on S. patens showed mixed results. 
Matske and Elsey-Quirk (2018) found no effect of TLD on aboveground growth after 1 growing 
season, but did show an increase in fine root growth. Other studies show that S. patens can 
recover from 5 cm of deposition after a year (Burger and Shisler 1983) and as much as 100 cm of 
deposition after several years (Travis 1977), but critical information such as elevation and 
percent flooding were not measured.  
 The effectiveness of TLD depends on the amount of sediment applied and the elevation 
relative to tidal datums. Low elevations are flooded more frequently and for longer periods of 
time than high elevations, and plant species are adapted to survive different amounts of flooding. 
S. alterniflora is dominant in the low marsh due to its greater flooding tolerance but is 
outcompeted by S. patens in the high marsh, where flooding stress is less severe (Bertness 1991). 
The amount of sediment applied must be enough to significantly reduce flooding, but too much 
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sediment can reduce productivity by extending the elevation outside the species’ preferred range 
(Stagg and Mendelssohn 2010). Sediment additions thicker than 21 cm may also kill the plants, 
leaving the slower process of re-colonization as the only means for recovery (Reimold et al. 
1978).  
 In this study we used a marsh organ experiment to determine the effects of TLD on plant 
growth at different elevations in a New Hampshire salt marsh. We tested the effects of TLD on 
two common marsh plants in New England: S. alterniflora and S. patens.    
         
Methods 
Study Site 
 The marsh organ experiment was located in a small riverine marsh in the southeast corner 
of the Great Bay Estuary, New Hampshire (43.060717, -70.833329). The marsh occupies an area 
of roughly 2.7 ha and is bordered by woods on the north and south sides. A freshwater stream 
runs into the eastern end of the marsh, creating an east to west gradient of brackish to more-
saline conditions. Our experiment was located in the more-saline area dominated by S. 
alterniflora in the low marsh and a mixture of S. patens, Distichlis spicata, and Juncus gerardii 
in the high marsh. We chose this marsh because we believed its sheltered and relatively secluded 
location would limit storm damage and tampering by curious passersby.  
Experimental Design 
 We constructed three marsh organs to determine the effects of TLD on plant growth at 
different elevations. Marsh organs were based on a design from Morris et al. 2007 and consisted 
of an array of pots that were placed in a tidal creek. Each row of pots was progressively higher in 
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elevation, giving the structures an 
organ-like appearance (Fig. 14). 
Because % flooding decreases with 
elevation, the marsh organ design 
allowed us to test interactive effects 
of flooding and TLD on plant 
growth, while eliminating variables 
such as soil type and drainage and 
minimizing damage to the natural 
marsh. The three marsh organs (1 S. 
patens control, 1 TLD, and 1 S. 
alterniflora control) were placed in a 
tidal creek and faced 150° SE to limit 
effects of shading while taking into 
account the orientation of the creek. 
We determined elevations of the 
structures using a self-leveling rotary 
laser that was related to a benchmark 
in the marsh. The benchmark 
elevation was determined using a 
Real Time Kinematic (RTK) GPS 
device.  
Fig. 15 Percent of time elevations were flooded at the study 
site 
Fig. 14 Marsh organ set-up showing pot elevations before and 
after sediment was added. Color bands show elevation ranges 
of habitat types of the adjacent marsh. SA denotes S. 
alterniflora and SP denotes S. patens  
36 
 
Marsh organ pots were made from 4” diameter PVC pipe cut to a length of 40 cm. Pipes 
were capped on one end to hold sediment and 5 holes were drilled in each cap for drainage. An 
additional two holes were drilled 20 cm down from the top of each pot to allow for lateral 
drainage. All holes were covered with landscape fabric to prevent sediment from escaping. Pots 
were filled with a mixture by volume of 45% sand, 40% peat moss, and 15% mud collected from 
a mudflat. We determined this ratio by experimenting with different amounts of materials until 
we found a mixture that allowed water to drain from the surface over a 6 hour period. We chose 
peat moss as our source of organic matter because it is readily available, easily homogenized 
with sand and mud, easily washed from roots for belowground analyses, and we believed the 
decomposition rate would be slow and approximate that of marsh peat. The filled pots were 
placed in a tank that was flooded and drained daily for 5-7 days to allow the soil to compact. At 
the end of the experiment, pots showed signs of subsidence, similar to other TLD studies on the 
natural marsh (Burger and Shisler, 1983; Cornu and Sadro 2002). This suggests our soil mixture 
approximated natural peat in terms of compressibility.  
Pots were planted at the lab with bare-root culms of either S. patens or S. alterniflora 
collected from a nearby marsh. To keep the biomass similar between pots, we varied the number 
of culms planted in each pot. This typically resulted in 8-9 culms per pot of S. patens and 4-5 
culms per pot of S. alterniflora. In May of 2017, planted pots were transported to the marsh and 
randomly placed on either the S. patens, S. alterniflora, or TLD marsh organ, depending on the 
pot treatment. 
Plants were allowed to acclimate until mid-July before TLD was applied. We used collars 
and additional PVC pipe to increase pot height. The length of pipe extenders varied from 10.6 
cm at the highest elevation to 14.6 cm at the lowest elevation to accommodate sediment that had 
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accumulated in lower elevation pots prior to sand addition. We added 1.27 kg of sand to each 
TLD pot to increase elevation roughly 10 cm while lifting shoots to avoid burying them 
completely. Plants were tall enough that sand only covered a few new shoots. Sand depth may 
have been slightly greater for pots with higher pre-treatment aboveground biomass.  
Productivity Measurements 
 After the experiment ran for 9 weeks, the number of stems taller than 3 cm was recorded, 
and plants were clipped to the soil surface September 2017. Aboveground biomass was oven-
dried at 70° C for a minimum of 2 days before being weighed. Pots were transported to the lab 
and stored at 5°C until belowground biomass could be assessed. To measure belowground 
biomass, roots and rhizomes were gently washed to remove soil, and peat moss and other debris 
that were not washed away were picked off by hand. Roots and rhizomes were oven-dried for 2+ 
days at 70°C before being weighed. In our analyses, we use belowground biomass to describe all 
plant growth beneath the soil surface, including stems that were buried in the sand layer. Root 
mass includes all roots and rhizomes below the soil surface but excludes buried stems. Effects of 
TLD and elevation on productivity and stem density were evaluated using two-way ANOVA in 
JMP Statistical Software.  
We intended to compare productivity metrics between TLD and unamended pots for two 
elevations of S. alterniflora and three elevations of S. patens. However, the TLD organ sank ≈7 
cm following set-up so elevations did not match the elevations on the other marsh organs as 
planned. Fortunately, the S. alterniflora elevations were only off by ≈7 cm (.05 m vs 0.12 m and 
0.35m vs 0.42 m, NAVD88) and two of the S. patens elevations still matched up with controls 
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(0.92 m and 1.02 m NAVD88). One elevation of S. patens (0.82 m NAVD88) could not be 




 Sand addition resulted in significantly fewer S. alterniflora stems per pot (p<.05) but had 
no effect on other growth characteristics (Fig. 16). Sand treatments had 19% and 37% fewer 
stems on average for low and high elevations, respectively. Despite 10 cm burial, aboveground 
biomass in sand treatments did not differ significantly from unamended pots. Belowground 
biomass appeared to be unaffected by sand addition. Root mass was 22% lower for TLD in the 
upper elevation, but the difference was not statistically significant.   
S. patens 
 Overall, sand addition had a negative effect on S. patens growth, especially for the high 
elevation. The effect of sand addition on stem density was highly significant (p<.0001), with 
46% and 69% fewer shoots per pot for low and high elevations respectively (Fig. 17). 
Aboveground growth was also lower in sand treatments (p<.01) with 29% and 52% less biomass  
for high and low elevations respectively. Belowground biomass, root growth, and total biomass 






Fig. 16 S. alterniflora elevation and Stem Density, 
Aboveground Biomass, Belowground Biomass (lower 
roots, adventitious roots, and buried stems), Root 
Mass (lower roots and adventitious roots) and Total 
Biomass for TLD vs. unamended pots. Error bars 
show standard error. The effect of TLD was 
statistically significant on stem density only (p<.05) 
0.05      0.12                         0.35        0.42 
0.05      0.12                         0.35        0.42 
0.05      0.12                         0.35        0.42 0.05      0.12                         0.35        0.42 








Fig. 17 Relationship between S. patens elevation and 
Stem Density, Aboveground Biomass, Belowground 
Biomass (lower roots, buried stems, and adventitious 
roots), Root Mass (lower roots and adventitious 
roots), and Total Biomass. Error bars show standard 
error. The effects of TLD on stem density and 
aboveground biomass were statistically significant 





 Sediment addition may be a useful tool for restoring submerging marshes, but its 
effectiveness will depend on the amount applied, the final elevation reached, the target species, 
and the timing of application. Previous studies show that benefits of TLD include greater 
aboveground biomass, plant height, stem density, and total biomass (Table 3). These 
improvements are often attributed to higher redox potential, lower sulfide concentrations, and the 
short-term benefit of nutrient addition provided by the deposited sediment. While these effects 
have been well-documented in southern S. alterniflora-dominated marshes, few studies have 
examined the effects of TLD on S. patens, and none to our knowledge have been located in New 
England. Our results suggest that recovery time following TLD depends on elevation and plant 
species.  
+ Height above ambient marsh 
* Not significant for all sediment depths 
** Effect of TLD diminished over 7 yrs 
 
Table 3 Summary of TLD benefits on S. alterniflora shown in other studies. Plus signs denote increases 


















 Eh Nutrients Sulfides
DeLaune et al. 1990 Louisiana 16 4-10 +* +
Pezeshki et al. 1992 Louisiana 21 4-10 + +
Ford et al. 1999 Louisiana 19 2.3 +
Mendelssohn and 
Kuhn, 2003
Louisiana 31 0-30 + + + + -
Slocum et al. 2005 Louisiana 83 0-40 +* + +** + +*
Croft et al. 2006 North Carolina 17 2.5-10 +*
Stagg and 
Mendelssohn, 2010
Louisiana 59 13-36+ +* + -





 We found that 9 weeks following application, TLD reduced stem density for both S. 
alterniflora and S. patens. Because new shoots form on rhizomes, it takes time and energy for 
shoots to grow from existing rhizomes through the deposited sand layer. Over time, new 
rhizomes produced within the sand layer should reduce these costs. Our choice to use bare-root 
culms may have also limited the energy reserves necessary to penetrate buried sediment because 
rhizomes, which store energy in perennials, were not well-developed in our planting units. 
However, burial likely stresses plants in the natural marsh as well. In a greenhouse experiment, 
Matske and Elsey-Quirk (2018) deposited 8 cm of sediment on S. patens and found a reduction 
in stem density compared to controls after 22 weeks. Conversely, more long-term studies on S. 
alterniflora documented higher stem density in natural marsh areas that received sediment (Croft 
et al. 2006; Pezeshki et al. 1992; Schrift et al. 2008; Tong et al. 2013).  
 Despite the lower stem density in S. alterniflora TLD pots, there was no difference in 
aboveground biomass between TLD and unamended plants. Aboveground biomass was 
unaffected despite partial burial which essentially converted 10 cm of aboveground growth to 
belowground. Unlike S. alterniflora, aboveground biomass for S. patens was lower for TLD 
treatments at both elevations. Previous studies have also shown that TLD enhances aboveground 
growth in S. alterniflora (DeLaune et al. 1990; Mendelssohn and Kuhn 2003; Pezeshki et al. 
1992; Tong et al. 2013) but may have less of a beneficial effect on S. patens (Matske and Elsey-
Quirk 2018; Travis 1977).  
 TLD had a minimal effect on belowground growth characteristics for both species. We 
expected TLD pots to have higher belowground biomass simply because a portion of 
aboveground material was converted to belowground when it was buried. For S. patens, 
belowground biomass was slightly higher for TLD pots at the lower elevation, but this may be 
43 
 
due to higher pre-burial aboveground biomass. Root biomass may provide a better comparison 
because it does not include the buried stem mass that may confound the effect of TLD. Although 
no differences were statistically significant, both species showed the same pattern of lower root 
growth for the higher-elevation TLD pots and slightly higher root growth for the lower elevation 
TLD pots. This pattern suggests that plants may have benefitted more from sediment addition at 
the lower elevation even over the short term. In an S. alterniflora dominated marsh in Louisiana, 
Stagg and Mendelssohn 2010 showed higher belowground biomass in areas that received 
dredged sediment compared to submerging areas that did not receive sediment. In the same 
marsh 7 years after sediment had been added, Tong et al. (2013) found that belowground 
biomass was higher in TLD treatments than degraded areas but still lower than reference 
marshes. This suggests that TLD may prevent marsh loss in the short-term, but longer time 
scales are needed for marshes to fully recover to reference conditions.  
 Total biomass is the best metric to determine the effect of TLD in our study because it 
shows the overall impact on productivity. We found that TLD had no effect on S. alterniflora 
biomass for either elevation. S. patens biomass was similar for lower elevation, but 25% less for 
TLD at the higher elevation. This reduction in growth at the higher elevation suggests that S. 
patens may have benefitted more from TLD at the lower elevation. The finding that TLD 
impaired growth at the upper elevation is surprising because this elevation is still in the lower 






Short Term vs. Long Term Effects 
 In the short term, sediment deposition stresses plants by knocking them down (Ford et al. 
1999) and burying leaves, thereby reducing surface area for photosynthesis. We prevented 
complete burial of most plants by holding stems upright during sediment addition. Nevertheless, 
our results suggest that 2 months is not enough time for plants to fully recover from 10 cm of 
sand deposition. TLD resulted in fewer stems for both species and across all elevations. Total 
biomass was not impacted by TLD for S. alterniflora, but it was reduced in the higher S. patens 
treatment. Other studies found that % cover of areas treated with sediment approached or 
exceeded levels in untreated areas within 1 year of deposition (Burger and Shisler 1983; Ford et 
al. 1999). 
 Longer-term effects of TLD found in other studies have been overwhelmingly positive 
for S. alterniflora, leading us to conclude that our plants may have benefited if they had been 
given more time. In a 7 year study in Louisiana, Slocum et al. 2005 found that deposition of 
dredged sediment resulted in a pulse of growth due to the addition of nutrients that were sorbed 
to the sediment. The high growth period subsided after around 3 years, but plant height and % 
cover remained higher than in areas that did not receive sediment after 7 years. Other studies in 
southern S. alterniflora marshes have shown that TLD results in improved aboveground growth 
(DeLaune et al. 1990; Mendelssohn and Kuhn 2003; Pezeshki et al. 1992; Tong et al. 2013), 
higher total biomass (Stagg and Mendelssohn 2010), and increased resilience to disturbances 
(Stagg and Mendelssohn 2011). Higher plant growth was attributed to increases in redox 
potential (Croft et al. 2006; Mendelssohn and Kuhn 2003) and nutrients (DeLaune et al. 1990; 
Mendelssohn and Kuhn 2003).  
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 TLD may have a different effect on S. patens, although studies on S. patens are less 
common. In our experiment, stem density was reduced more by TLD for S. patens than for S. 
alterniflora. This led to significantly lower aboveground biomass in S. patens treated with TLD, 
but this reduction was not apparent in S. alterniflora. We found that TLD resulted in slightly 
more total biomass in the lower elevation of S. patens, but less total biomass in the upper 
elevation. In a yearlong greenhouse experiment, Matske and Elsey-Quirk (2018) also found that 
S. patens did not benefit from TLD, with the exception of fine root growth. However, Eh was not 
significantly different in any of their treatments so perhaps the flooding rate was too low for 
plants to benefit from TLD. Ford et al. (1999) found that S. alterniflora recovered from TLD 
after 1 year but S. patens did not. However it was unclear whether S. patens mortality was a 
result of TLD since S. patens died in reference sites as well. Our results suggest TLD could 
benefit lower elevations of S. patens, but more studies must be done to determine long-term 
effects.  
The Role of Elevation and Sediment Type 
 Because elevation plays such an important role in determining species distribution 
(Bertness 1991), it is essential to achieve the correct elevation when applying sediment to salt 
marshes. Though not statistically significant, our results show that TLD decreased root mass for 
the upper elevation of both S. alterniflora and S. patens but did not affect root mass for the lower 
elevations. The same relationship was found for S. patens total biomass, suggesting that lower 
elevations may benefit more or recover more quickly from TLD than upper elevations. None of 
the pot elevations exceeded the elevation range of plants on the adjacent marsh. In fact, the upper 
pot elevations for both S. patens and S. alterniflora were still at the lower range of their species 
distribution after sand was added (Fig. 14). Therefore, impaired growth at the upper marsh organ 
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elevations was not caused by insufficient flooding rate. Instead, the benefit of reduced flooding 
stress due to TLD may have been outweighed by burial stress at upper elevations, at least in the 
short-term. Other studies have found the effectiveness of TLD depends on the final elevation 
after deposition. Stagg and Mendelssohn (2010) showed that building the marsh to elevations of 
13-19 cm above the ambient marsh benefited plants, but higher elevations resulted in lower 
primary productivity. Loss of stability (recovery after a disturbance) may also occur in marshes 
that are increased to elevations where flooding is insufficient in providing water and nutrients 
(Stagg and Mendelssohn 2011). Other studies have shown TLD to be less effective at higher 
elevations, but not harmful to plant growth (Croft et al. 2006; Mendelssohn and Kuhn 2003). 
Further complicating matters, studies have shown that TLD can cause subsidence (Cornu and 
Sadro 2002; Ford et al. 1999) which makes it difficult to predict the final elevation after 
sediment is applied.  
 The effectiveness of TLD may depend on other factors such as sediment type and timing 
of the application. We chose sand because it is easy to obtain and apply. Additionally, sand 
generally drains better than natural soils due to its high porosity (Wigand et al. 2016). Better 
drainage can help decrease sulfide concentrations and salinity that can impair productivity 
(Wigand et al. 2016). However, there are trade-offs to using sand. S. alterniflora plants grown in 
natural mud tend to have higher aboveground productivity than those grown in sand, likely due 
to greater nutrient availability in mud (Reimold et al. 1978; Wigand et al. 2016). Similarly, 
Slocum et al. (2005) found that nutrient availability was lower in coarser TLD sediment due to 
leaching. Timing of the application is also an important consideration. Because we applied sand 
during the growing season, a large portion of live aboveground material was buried which 
resulted in an energetic cost to plants. Additionally, decomposition of buried material could 
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result in more anoxic soil conditions that could kill underlying roots and rhizomes. Applying 
sediment when plants are dormant may limit burial of aboveground growth and reduce plant 
stress, but it can also smother short, overwintering shoots important for gas exchange in S. 
alterniflora (Wijte and Gallagher 1991).  
 Thin-layer deposition is a promising strategy for preventing loss of submerging marshes. 
Our finding that TLD reduces stem density for both S. alternflora and S. patens does not 
discount the many studies showing benefits of TLD, but shows that short term effects (two 
months) may be negative, especially at higher elevations. However, we found that TLD did not 
impair S. alterniflora productivity at either elevation and only hindered S. patens productivity at 
the upper elevation. The effectiveness of TLD in restoring S. alterniflora marshes in Louisiana is 
well-established, but further studies must be done to determine the recovery time in New 
England and of S. patens. Loss of S. patens habitat is a primary concern in New Hampshire due 
to its importance as habitat for the saltmarsh sparrow. More long-term studies are also needed to 
determine whether sediment must be re-applied periodically to maintain restored marshes. If 
frequent application of sediment is required, resource managers may wish to prioritize more cost-
effective management strategies such as preserving land along marsh boundaries and removing 
barriers to facilitate migration inland. Still, TLD remains a promising method of preventing 
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y = 3.062(ln(x)) -
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y = 0.717x -4.024 .600 .002 
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% Flooding y = -48.500x + 65.092 .997 <.0001 
 
Table A1 Summary of regression statistics. SA=Spartina alterniflora, SP= Spartina patens, C=controls, CRC 
=Crommett Creek and GBF=Great Bay Farms 
